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ABSTRACT
Recent observations of the Vela pulsar have revealed a peculiar connection of its emis-
sion in the soft X-ray and radio ranges. We suggest the model of the radio pulse
formation in the Vela pulsar, develop the theory of the radio photon reprocessing to
high energies and on this basis interpret the observed X-ray – radio connection. The
processes of spontaneous and induced scattering of radio waves off the spiraling parti-
cles and their observational consequences are examined. The particles are assumed to
acquire relativistic gyration energies due to resonant absorption of the radio emission
in the outer magnetosphere of a pulsar. The spectral and angular distributions of the
spontaneously scattered power are analyzed and compared with the characteristics
of the particle synchrotron emission. The consequences of intensity transfer from the
radio beam to the background in the course of induced scattering are studied as well.
It is demonstrated that the induced scattering can account for the basic features of
the Vela’s radio profile and its pulse-to-pulse fluctuations. In particular, it can explain
a greater role of the leading component and its earlier arrival in stronger pulses. The
studies of the radio photon reprocessing to high energies in application to the Vela pul-
sar shows that the scattered and synchrotron spectra peak at ∼ 0.8 keV and 0.2 keV,
respectively, with the corresponding luminosities of 1029 erg s−1 and 1031 erg s−1. The
reprocessing inside the light cylinder results in the profile component which stretches
from the radio pulse position to ∼ 30◦ earlier in pulse phase. The synchrotron emission
beyond the light cylinder presumably contributes to the component which lags the ra-
dio pulse by ∼ 90◦. Within the framework of our model, the observed X-ray – radio
connection is explained in terms of the interplay between the processes of induced and
spontaneous scattering of the radio pulse.
Key words: pulsars: general – pulsars: individual (the Vela pulsar) – radiation
mechanisms: non-thermal – scattering.
1 INTRODUCTION
The radio emission of pulsars and their non-thermal high-
energy emission have essentially different properties. They
are undoubtedly generated by the distinct mechanisms,
which are still a matter of debate (see, e.g., Harding et al.
2008a; Melrose 2004, for a review). At the same time, the re-
cent observations (Shearer et al. 2003; Lommen et al. 2007)
have demonstrated that the high-energy profiles can be in-
fluenced by the radio pulse intensity. In the Crab pulsar,
the optical pulses coincident with the giant radio pulses are
3% brighter than the average pulse (Shearer et al. 2003). In
the Vela pulsar, the shape of the X-ray profile changes with
the radio pulse intensity (Lommen et al. 2007): the stronger
the radio pulse (the earlier it arrives), the more pronounced
⋆ E-mail: petrova@ri.kharkov.ua
is the main X-ray peak; besides that, during the weak radio
pulses (which arrive later) the excess X-ray flux shifts to the
’trough’, which follows the second X-ray peak and spans the
longitudinal interval close to the radio pulse window.
Most of the high-energy emission mechanisms discussed
in the literature do not depend on the radio pulse intensity.
One of the mechanisms, however, suggests the radio photon
reprocessing into the high-energy band and therefore implies
a physical connection between the radio and high-energy
emissions of pulsars (Lyubarskii & Petrova 1998; Gil et al.
2001; Petrova 2003; Harding et al. 2005, 2008b). In the outer
magnetosphere of a pulsar, the radio emission is subject to
resonant absorption by the secondary plasma particles. As a
result, the absorbing particles acquire substantial transverse
momenta (Lyubarskii & Petrova 1998). In case of strong
enough absorption, the longitudinal momenta can also in-
crease significantly (Petrova 2002). Then the spontaneous
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synchrotron radiation of the absorbing particles falls into
the optical and X-ray range. This has been suggested to ac-
count for the non-thermal high-energy emission of the young
and middle-aged pulsars (Petrova 2003). Later on the model
was extended to the millisecond pulsars by including the in-
fluence of the non-compensated accelerating electric field on
the particle momentum evolution (Harding et al. 2005).
Higher intensities of the optical pulses observed in the
Crab pulsar during giant radio pulses (Shearer et al. 2003)
may well be explained in terms of synchrotron re-emission of
the absorbing particles. Resonant absorption of giant radio
pulses should lead to a more pronounced momentum evolu-
tion of the particles and, correspondingly, to the larger syn-
chrotron power emitted. At the same time, the intensity re-
distribution in the high-energy profile of the Vela pulsar and
its dependence on the radio pulse intensity (Lommen et al.
2007) still remains puzzling. This problem is addressed in the
present paper. Firstly, we explain the radio profile structure
of the Vela pulsar and its intensity-dependent variations.
Secondly, we consider one more mechanism, which deposits
the radio photons into the high-energy band, and interpret
the high-energy profile. Finally, the observational manifes-
tations of the X-ray – radio connection are analyzed.
The radio observations of the Vela pulsar
(Krishnamohan & Downs 1983) have revealed that its
profile structure depends on the pulse intensity: in stronger
pulses, the leading component (the precursor) is much more
pronounced and arrives somewhat earlier, whereas the rest
of the pulse (the main pulse) is markedly weaker an retains
its position in the pulse window. Krishnamohan & Downs
(1983) have suggested that the precursor component
originates in a separate emission region, at higher altitudes
in the magnetosphere. Then its location in the pulse
profile can be explained in terms of rotational aberration.
However, if the emission regions of the precursor and the
main pulse are completely independent, it is difficult to
understand the observed intensity redistribution between
these components, which is controlled by the total intensity
of the pulse.
We suggest that the precursor component results from
the induced scattering of the main pulse into the background
(see also Petrova 2008b). The main pulse emission is scat-
tered off the particles, which participate in the resonant ab-
sorption and, consequently, perform relativistic helical mo-
tion. The induced scattering transfers the radio intensity
from the main pulse to the precursor component. It will be
shown that stronger induced scattering entails larger inten-
sities of the resultant radio pulse and also its earlier arrival.
Thus, it is the process that can account for the the radio pro-
file structure of the Vela pulsar and its intensity-dependent
variations.
The high-energy profile of the Vela pulsar has the
following structure (Kanbach et al. 1994; Gouiffes 1998;
Strickman et al. 1999; Harding et al. 2002; Sanwal et al.
2002; Shibanov et al. 2003; Romani et al. 2005). There are
two main peaks separated by about a half of the pulsar pe-
riod. None of them coincide with the radio pulse, and peak
1 lags it by ∼ 90◦ in pulse phase. In the optical and soft
X-ray profiles, peak 1 noticeably shifts with frequency to-
ward the radio pulse position, whereas at higher energies the
components keep their positions fixed. Gouiffes (1998) has
discovered an additional component of the optical profile,
which coincides with the radio pulse and extends to the ear-
lier pulse phases. In the soft X-ray range, the component is
also present, and one can discern its two peaks, one of which
(peak 3) precedes the radio pulse and another one (peak 4)
coincides with it (Harding et al. 2002). The component is
most pronounced at a few tenths keV and vanishes above a
few keV. In the observations of Lommen et al. (2007), the
X-ray profile is integrated over the range of 2–16 keV, and
this component looks as a trough, but still interacts with
the radio pulse.
In the present paper, we explain the trough at keV en-
ergies and its connection to the radio pulse. For this purpose
we turn to one more mechanism – the spontaneous scattering
off the spiraling particles, – which deposits the radio photons
into the high-energy range. The radio photon reprocessing
to high energies implies a physical connection between the
radio and high-energy emissions, which can manifest itself
in the simultaneous fluctuations in these ranges. The fluc-
tuations are believed to result from the variations of the
physical conditions in the magnetosphere. In our model, the
radio pulse participates in both the spontaneous and induced
scatterings, and it will be shown that the interplay between
these processes in the course of the pulse-to-pulse fluctua-
tions of the plasma parameters can account for the X-ray –
radio connection observed in the Vela pulsar.
The plan of the paper is as follows. Section 2 is devoted
to the theory of spontaneous scattering off the spiraling par-
ticles. The spectral and angular distributions of the scat-
tered power are examined and compared with those of the
synchrotron radiation of the scattering particles. The details
of induced scattering of the radio waves below the resonance
are given in Sect. 3. In Sect. 4 we apply our formalism to
the Vela pulsar. The radio profile formation is considered in
Sect. 4.1, the high-energy emission is addressed in Sect. 4.2,
and the observational manifestations of the X-ray – radio
connection are investigated in Sect. 4.3. Our results are dis-
cussed and summarized in Sect. 5.
2 SPONTANEOUS SCATTERING OFF THE
SPIRALING PARTICLES
The cross-section for the magnetized scattering by the par-
ticle at rest was first obtained in Canuto et al. (1971).
In application to the pulsar magnetosphere, the scatter-
ing in a strong magnetic field by the particles stream-
ing relativistically along the magnetic lines was examined
in Blandford & Scharlemann (1976); Lyubarskii & Petrova
(1996). Wilson & Rees (1978) have considered the non-
magnetized induced scattering in the pulsar wind.
Let us consider the radio wave scattering off the par-
ticles performing relativistic helical motion in the magnetic
field of a pulsar. Deep in the magnetosphere the particles
stream relativistically along the open magnetic lines. In the
vicinity of the radio emission region, the magnetic field is so
strong that any perpendicular momentum of the particles
is almost immediately lost via synchrotron re-emission and
the radio wave frequency in the particle rest frame is much
less than the electron gyrofrequency, ωηγ ≪ ωG ≡ eB/mc
(here η ≡ 1−β cos θ, β is the particle velocity in units of c, θ
is the wavevector tilt to the magnetic field, γ is the particle
Lorentz-factor, γ ≡ (1− β2)−1/2).
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As the magnetic field strength rapidly decreases with
distance from the neutron star, B ∝ r−3, in the outer mag-
netosphere the radio waves pass through the cyclotron res-
onance, ωηγ = ωG, where they are subject to resonant ab-
sorption. As a result of this process, the incident radio emis-
sion is partially absorbed and the particles acquire trans-
verse momenta. In the resonance region, the magnetic field is
weak enough, and the spontaneous synchrotron re-emission
does not prevent the momentum growth. As is shown in
Petrova (2002, 2003), the particle gyration becomes rela-
tivistic at the very bottom of the resonance region, and fur-
ther on the transverse and total momenta of the particles
continue growing.
Pulsar radio emission is essentially broadband and, cor-
respondingly, the resonance region is sufficiently extended.
Over most part of this region there is a significant amount
of the photons with frequencies well below the resonance,
ωη ≪ Ω ≡ eB/γmc. We are interested in the scattering of
the under-resonance radio emission off the relativistic spi-
raling particles. In our case the incident radiation presents
the transverse electromagnetic waves polarized either in the
plane of the ambient magnetic field (A-polarization) or per-
pendicularly to this plane (B-polarization).
The scattering by the electron on a circular orbit has
been examined in Petrova (2008a). It has been shown that
the under-resonance waves are predominantly scattered to
high harmonics of the particle gyrofrequency and may con-
tribute to the observed high-energy emission. (It has also
been shown that the effect of the scattering on the particle
momenta is negligible.) In the present paper, we extend this
formalism to the case of relativistic helical motion of the
scattering particles, examine the spectral and angular dis-
tributions of the scattered radiation and compare them with
those of the synchrotron radiation of the same particles.
Given that the incident radio frequency is well below
the resonance, the components of the differential scatter-
ing cross-sections at the non-zero harmonics of the gyrofre-
quency, s 6= 0, for different polarization channels are given
by Eq. (16) in Petrova (2008a). The relativistic transforma-
tion of the cross-section reads
dσ
dO′
=
(
dσ
dO′
)
c
η2
η′3γ2
‖
, (1)
where γ‖ is the Lorentz-factor of the longitudinal motion,
the primes denote the characteristics of the scattered radia-
tion and the subscript ’c’ refers to the guiding-centre frame.
With Eq. (1), the cross-section components for the case of
relativistic helical motion of the scattering particles are writ-
ten as
dσAAs
dO′
=
r2e
γ2η′5
Ω4
ω4η4
s4J2s
(
sβ⊥ sin θ
′
η′
)
× sin
2 θ
sin2 θ′
(
cos θ′ − β‖
)4
,
dσABs
dO′
=
r2e
γ2η′5
Ω4
ω4η4
s4J ′2s
(
sβ⊥ sin θ
′
η′
)
×β2⊥ sin2 θ
(
cos θ′ − β‖
)2
,
dσBAs
dO′
=
r2e
γ2η′5
Ω2
ω2η2
s4J2s
(
sβ⊥ sin θ
′
η′
) (
cos θ′ − β‖
)2
η2 sin2 θ′
×
{
sin θ
[
ηη′ − β2⊥(1− cos θ cos θ′)/2
]
+ η2 sin θ′ cos∆φ
}2
,
dσBBs
dO′
=
r2e
γ2η′5
Ω2
ω2η2
s4J ′2s
(
sβ⊥ sin θ
′
η′
)
β2⊥
η2
×
{
sin θ
[
ηη′ − β2⊥(1− cos θ cos θ′)/2
]
+ η2 sin θ′ cos∆φ
}2
, (2)
where re is the classical electron radius, β‖ and β⊥ are the
components of the particle velocity parallel and perpendic-
ular to the ambient magnetic field, respectively, in units of
c, ∆φ = φ − φ′ is the difference of the azimuthal wavevec-
tor components of the incident and scattered radiation and
the superscripts of the cross-sections denote the initial and
final polarization states of the waves. Making use of Eq. (1)
in Eq. (17) of Petrova (2008a) yields the zeroth-harmonic
cross-sections
dσAA0
dO′
=
r2e
γ2η′5
sin2 θ sin2 θ′
γ4‖
,
dσAB0
dO′
=
r2e
γ2η′3
ω2η2
Ω2
×
[
(cos θ − β‖) cos∆φ−
β2⊥ sin θ sin θ
′(cos θ′ − β‖)
2η′2
]2
,
dσBA0
dO′
=
r2e
γ2η′5
ω2η2
Ω2
×
[
(cos θ′ − β‖) cos∆φ−
β2⊥ sin θ sin θ
′(cos θ − β‖)
2η2
]2
,
dσBB0
dO′
=
r2e
γ2η′3
ω2η2
Ω2
sin2 ∆φ. (3)
The total scattering cross-section has the form
dσij
dO′
=
dσij0
dO′
+ 2
∞∑
s=1
dσijs
dO′
. (4)
Comparing Eqs. (2) and (3), one can see that the zeroth-
harmonic term makes negligible contribution to the total
cross-section.
The power scattered by an electron is written as
P ij = 2I
∞∑
s=1
2π∫
0
π∫
0
dσijs
dO′
sin θ′dθ′dφ′, (5)
where I = I(ω, θ, φ) is the incident intensity. It is interesting
to compare the scattered power with the synchrotron power
of the electron,
Psyn =
e2Ω2
c
∞∑
s=1
s2
π∫
0
sin θ′dθ′
η′3
×
[(
cos θ′ − β‖
sin θ′
)2
J2s
(
sβ⊥ sin θ
′
η′
)
+ β2⊥J
′2
s
(
sβ⊥ sin θ
′
η′
)]
,
where the first and the second terms correspond
to the A- and B-polarizations, respectively. One can
observe that (∂P iAs /∂O
′)/(∂P iBs /∂O
′) = [(cos θ′ −
β‖)
2/ sin2 θ′]J2s /β
2
⊥J
′2
s , (i = A,B), similarly to the syn-
chrotron case. However, the angular and spectral distribu-
tions of the scattered power are somewhat different.
c© 2009 RAS, MNRAS 000, 1–15
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To examine these distributions in more detail we allow
for the relativistic character of the electron gyration and
make use of the asymptotic representations of the Bessel
function and its derivative with respect to the argument ξ
at ξ → s− 0:
Js(ξ) =
ε1/2
π
√
3
K1/3
(
s
3
ε3/2
)
,
J ′s(ξ) =
ε
π
√
3
K2/3
(
s
3
ε3/2
)
,
where ε ≡ 1− ξ2/s2 and Kµ(x) is the modified Bessel func-
tion. It is convenient to introduce the variables
ψ =
β0γ(cos θ
′ − β‖)√
1− β2
‖
and y =
2s
3
γ−30 , (6)
where β0 is the normalized velocity of the electron in the
guiding centre frame and γ0 ≡ (1− β0)−1/2. The invariance
of the transverse momentum implies that β0γ0 = β⊥γ and,
correspondingly, γ0 = γ/γ‖. In the case under consideration
γ0 ≫ 1 and β0 ≈ 1. As the functions K1/3(ξ) and K2/3(ξ)
are significant only for the arguments ξ . 1, one can extend
the limits of integration over ψ to (−∞,∞). Furthermore,
as these functions peak at high harmonics, s ∼ γ30 , one can
replace the summation over s by integration over y. Then
the scattered power is written as
PA = 4πI
r2e
γ2
Ω4
ω4η4
γ60γ
2 sin2 θ
81
32π2
×
∞∫
0
y4dy
∞∫
−∞
dψ
[
ψ4(1 + ψ2)K21/3(ξ) + ψ
2(1 + ψ2)2K22/3(ξ)
]
,
PB = 4πI
r2e
γ2
Ω2
ω2
γ60γ
4
2
(
1 +
sin2 θ
2γ2
‖
η2
)
81
32π2
×
∞∫
0
y4dy
∞∫
−∞
dψ
[
ψ2(1 + ψ2)K21/3(ξ) + (1 + ψ
2)2K22/3(ξ)
]
, (7)
where the superscripts of P denote the polarization of the
incident waves, ξ ≡ (y/2)(1 + ψ2)3/2, and the synchrotron
power reads
Psyn =
e2Ω2γ2γ20
c
9
8π2
×
∞∫
0
y2dy
∞∫
−∞
dψ
[
ψ2(1 + ψ2)K21/3(ξ) + (1 + ψ
2)2K22/3(ξ)
]
.(8)
Integrating Eqs. (7)-(8) over the angular coordinate ψ
with the help of the well-known integrals of the synchrotron
theory
∞∫
−∞
ψ2(1 + ψ2)K21/3(ξ)dψ =
π√
3y

 ∞∫
y
K5/3(x)dx−K2/3(y)

 ,
∞∫
−∞
(1 + ψ2)2K22/3(ξ)dψ =
π√
3y

 ∞∫
y
K5/3(x)dx+K2/3(y)


and the analogous integrals (A14) and (A18) calculated in
Appendix A, one can obtain the normalized spectral distri-
butions
fAA(y) =
243
√
3
256π
y3

K4/3(y)−
∞∫
y
K5/3(x)dx

 ,
fAB(y) =
81
√
3
256π
y3

 8
3y
K1/3(y) +K4/3(y)−
∞∫
y
K5/3(x)dx

 ,
fAB(y) =
81
√
3
448π
y3

 ∞∫
y
K5/3(x)dx−K2/3(y)

 ,
fBA(y) =
81
√
3
448π
y3

 ∞∫
y
K5/3(x)dx+K2/3(y)

 ,
fAsyn(y) =
9
√
3
16π
y

 ∞∫
y
K5/3(x)dx−K2/3(y)

 ,
fBsyn(y) =
9
√
3
16π
y

 ∞∫
y
K5/3(x)dx+K2/3(y)

 , (9)
where it is taken that
∫∞
0
(fAA + fAB)dy =
∫∞
0
(fBA +
fBB)dy =
∫∞
0
(fAsyn + f
B
syn)dy = 1. Proceeding from the
approximation of the modified Bessel function at small ar-
guments,
Kµ(y) ≈ 2µ−1Γ(µ)y−µ, y ≪ 1,
where Γ(µ) is the gamma-function, one can find the asymp-
totic behaviour of the spectra at y → 0:
fAA =
243
√
3
256π
2−5/3Γ(1/3)y5/3, fAB =
5
3
fAA,
fBA =
81
√
3
448π
2−4/3Γ(2/3)y7/3, fBB = 3fBA,
fAsyn =
9
√
3
8π
2−4/3Γ(2/3)y1/3, fBsyn = 3f
A
syn, (10)
Note that the scattered radiation has much steeper spec-
tra. Provided that y ≫ 1, Kµ(y) ≈
√
π/2y exp(−y) and
the spectra drop exponentially. The overall spectral distri-
butions (9) are plotted in Fig. 1. One can see that the power
of the scattered radiation peaks at markedly larger frequen-
cies than the synchrotron power in both cases of the incident
A- and B-polarizations (ypeak ≈ 1.25 and 2.5, respectively,
whereas the synchrotron peak lies at y ≈ 0.3).
Making use of the formula
∞∫
0
Kµ(y)y
ρdy = 2ρ−1Γ
(
ρ+ 1 + µ
2
)
Γ
(
ρ+ 1− µ
2
)
,
ρ+ 1 > µ,
one can integrate the spectral distributions to obtain the
total power in each polarization:
PAA =
πr2e
2
Iγ60
Ω4
ω4η4
sin2 θ, PAB =
13
3
PAA,
c© 2009 RAS, MNRAS 000, 1–15
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PBA =
2πr2e
3
Iγ60γ
2Ω
2
ω2
(
1 +
sin2 θ
2γ2
‖
η2
)
, PBB = 13PBA,
PAsyn =
e2Ω2γ2γ20
12c
, PBsyn = 7P
A
syn. (11)
It should be noted that the polarization states of the
scattered radiation in the cases of incident A- and B-
polarizations are distinct and both differ from the syn-
chrotron case. Besides that, R ≡ (PAA + PAB)/(PBA +
PBB) ∼ (Ω2/ω2η2)(sin2 θ/η2γ2). Although the quantity
sin2 θ/η2γ2‖γ
2
0 may be much less than unity, in our consid-
eration R ≫ 1, since only the leading terms in Ω2/ω2η2
are retained. Thus, the waves of the A-polarization are scat-
tered much more efficiently. Note also that the linearization
technique applied for the derivation of the scattering cross-
section (2) is valid only until the power scattered is less than
the synchrotron power of the particle (for more details see
Petrova 2008a).
The angular distributions can be obtained by integrat-
ing Eqs. (7)-(8) over y with the help of the integral
∞∫
0
Kµ(x)Kν(x)x
ρ−1dx =
2ρ−3
Γ(ρ)
Γ
(
ρ+ ν + µ
2
)
Γ
(
ρ+ ν − µ
2
)
×Γ
(
ρ− ν + µ
2
)
Γ
(
ρ− ν − µ
2
)
, ρ > ν + µ > 0,
and they take the form
gAA =
315
512
11ψ4
(1 + ψ2)13/2
, gAB =
315
512
13ψ2
(1 + ψ2)11/2
,
gBA =
45
512
11ψ2
(1 + ψ2)13/2
, gBB =
45
512
13
(1 + ψ2)11/2
,
gAsyn =
3
32
5ψ2
(1 + ψ2)7/2
, gBsyn =
3
32
7
(1 + ψ2)5/2
, (12)
where
∫∞
−∞
(gAA + gAB)dψ =
∫∞
−∞
(gBA + gBB)dψ =∫∞
−∞
(gAsyn + g
B
syn)dψ = 1. These distributions are plotted
in Fig. 2. Note the drop of gAA + gAB at ψ = 0 and the
narrowness of the peak of gBA + gBB as compared to the
synchrotron case. Integration of the angular distributions
using the formula
∞∫
−∞
dψ
(1 + ψ2)ρ
=
Γ(1/2)Γ(ρ − 1/2)
Γ(ρ)
leads again to the total powers given by Eq. (11).
3 INDUCED SCATTERING OFF THE
SPIRALING PARTICLES
The brightness temperatures of pulsar radio emission are
so high that the induced scattering is believed to dominate
the spontaneous one. Below we concentrate on the induced
scattering of the under-resonance radio waves, ωη ≪ Ω.
As the magnetic field strength decreases with distance from
the neutron star, the wave of a given frequency successfully
passes through the resonances of increasingly higher orders.
The under-resonance scattering takes place at the lowest al-
titudes, and it should be most efficient because of larger inci-
dent intensity and plasma number density in this region. In
the course of induced scattering between the photon states
corresponding to different harmonics of the gyrofrequency
the photons are transferred from the higher harmonics to the
lower ones. Thus, the incident under-resonance waves suffer
only the zeroth-harmonic induced scattering, ω′η′ = ωη.
As is shown in Petrova (2008c), the induced scattering
from several first harmonics to the under-resonance state can
also be noticeable. At the same time, the induced scattering
from the high harmonics, s ≫ 1, is negligible. Firstly, the
spectral intensities of the pulsar high-energy emission are
much less than the radio intensities. Besides that, in contrast
to the spontaneous scattering, the induced scattering chiefly
transfers the photons to the neighbouring harmonics, the
process becoming less efficient at s≫ 1.
Keeping in mind the above considerations, we are in-
terested in the under-resonance induced scattering, ω′η′ =
ωη ≪ Ω, off the particles performing relativistic helical mo-
tion. It should be noted that, according to Eq. (3), the scat-
tering between the states with the A-polarization strongly
dominates that in the other polarization channels, since
only the cross-section dσAA/dO′ does not contain the fac-
tor ω2η2/Ω2 ≪ 1 . Hence, we dwell on the scattering in the
channel A→ A.
Pulsar radio emission is known to be highly directional.
At any point of the emission cone it is concentrated into a
narrow beam of the opening angle . 1/γ‖, which is typically
much less than the angular width of the emission cone. Far
enough from the emission region, the radio emission prop-
agates quasi-transversely with respect to the ambient mag-
netic field, 1/γ‖ ≪ θ . 1.
The rate of induced scattering is determined by the par-
ticle recoil in the scattering act, and hence, the induced
scattering at large angles, out of the radio beam, may be
much more efficient than the scattering inside the beam. At
the same time, the former process may start only if initially
there are some photons outside the beam. Such background
photons may be present, e.g., due to the spontaneous scat-
tering from the beam. Although the background photons are
very few, they can still stimulate efficient induced scattering
from the beam, and finally a significant part of the beam
intensity may be deposited to the background (see Sect. 4.1
below). At the beginning of induced scattering, the back-
ground occupation numbers grow exponentially, the expo-
nent being dependent on the photon orientation. Hence, the
beam photons are scattered predominantly into the state ~k′
corresponding to the maximum scattering probability. Thus,
the induced scattering from the radio beam into the back-
ground gives rise to a narrow scattered component. As is
shown in Petrova (2008c), in the case considered it is di-
rected at the angle θ′max ∼ γ0/γ to the ambient magnetic
field. The spectral intensities of the beam and the back-
ground evolve as
Iν =
I/x
1 + 1/x
, Iν′ =
I
1 + 1/x
, (13)
where I ≡ Iν+ Iν′ = const is the total intensity of the beam
and the background, x ≡
[
I
(0)
ν′
/I
(0)
ν
]
exp(Γ), I
(0)
ν and I
(0)
ν′
are the initial intensities of the beam and the background
and
Γ =
12INer
2
er
mν′2γγ20
. (14)
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The quantity Γ characterizes the scattering efficiency,
whereas x the extent of intensity transfer from the radio
beam to the background. As long as x≪ 1, the background
intensity grows exponentially, Iν′ ∼ I(0)ν′ exp(Γ), whereas the
beam intensity is almost unaltered, Iν ≈ I(0)ν . Given that
x ≫ 1, the background intensity becomes comparable with
the initial radio beam intensity, Iν′ ≈ I(0)ν , and enters the
stage of saturation, whereas the beam intensity noticeably
decreases, Iν ∼ I(0)ν /x. The final intensities Iν and Iν′ as
functions of x are shown in Fig. 3. Note the narrowness of
the range of x, where both intensities are comparable in
magnitude.
4 APPLICATIONS TO THE VELA PULSAR
4.1 Radio profile formation
Let us examine the radio profile evolution of the Vela pul-
sar as a result of induced scattering off the spiraling parti-
cles. The variations of the conditions in the scattering region
should result in the pulse-to-pulse fluctuations of the radio
profile, and it is the fluctuations that are believed to be
connected with those of the high-energy emission.
Recall that our consideration is restricted to the in-
duced scattering between the photon states with the A-
polarization. The radio emission of the Vela pulsar is known
to have almost complete linear polarization. It is generally
believed that in this pulsar only one polarization mode is
present in any radio pulse and at any pulse phase. We as-
sume that this is the A-mode (see Sect. 5 for further discus-
sion).
In order to conclude whether the induced scattering
may affect the Vela’s radio profile noticeably we start from
estimating the level of the background radiation, which re-
sults from the spontaneous scattering of the radio pulse:
I
(0)
ν′
/I
(0)
ν = Ner(ω/ω
′)dσ/dO′. Using Eq. (3) and taking into
account that θ′ ≈ 1/γ‖ and γ‖ = γ/γ0, we obtain
I
(0)
ν′
I
(0)
ν
≈ 2Ner
2
er
γ20
. (15)
It is convenient to noramlize the number density of the scat-
tering particles by the Goldreich-Julian density,
Ne =
κB
Pce
, (16)
where κ is the multiplicity factor of the plasma and P is the
pulsar period. With the dipolar geometry of the magnetic
field, B ∝ r−3, one can estimate Eq. (15) as
I
(0)
ν′
I
(0)
ν
= 10−11
0.1 s
P
B⋆
1012 G
κ
102
(
γ0
10
)−2 ( r
108 cm
)−2
, (17)
where B⋆ is the magnetic field strength at the neutron star
surface and all the quantities are normalized to their char-
acteristic values. For the parameters of the Vela pulsar,
P = 0.089 s and B⋆ = 3.4 × 1012 G, we have I(0)ν′ /I(0)ν ≈
4×10−12. Hence, the induced scattering becomes significant
(i.e. x ∼ 1) for the scattering efficiencies Γ ≈ 30.
To estimate Γ we take that I ≡ I(0)ν + I(0)ν′ ≈ I(0)ν and
present the radio beam intensity as
I(0)ν = Iν0
(
ν
ν0
)−α
, (18)
where α is the spectral index of the pulsar radio emission,
ν0 ≈ 108 Hz,
Iν0 =
L
Sν0
, (19)
L is the total radio luminosity of the pulsar, S = πr2ϑ2/4
is the cross-section of the radio emission cone at a distance
r and ϑ is the pulse width in the angular measure. Then
Γ = 900
L
1029 erg s−1
0.1 s
P
B⋆
1012 G
(
ϑ
0.1
)−2 ( r
108 cm
)−4
×
(
ν′
109 Hz
)−2 (
ν
108 Hz
)−α κ
102
103
γ
(
γ0
10
)−2
. (20)
Taking L = 2 × 1029 erg s−1, ϑ = 0.15, r = 3 × 108 cm
as well as P and B⋆ listed above, we obtain Γ = 30. Thus,
in the Vela pulsar the induced scattering of the radio beam
into the background can indeed be efficient. Furthermore, in
the course of pulse-to-pulse fluctuations of the parameters,
the induced scattering can from time to time enter the stage
of saturation, when the original radio beam is substantially
suppressed (see Fig. 3).
It should be kept in mind that the pulsar radio beam
is broadband and its angle of incidence increases with dis-
tance from the neutron star, θ ∝ r (see below). Therefore at
different altitudes r the background component of a given
frequency ν′ = νθ2(r)γ2/2γ20 is fed by the beam radiation
of different frequencies ν ∝ r−2. As at lower frequencies
the beam radiation is more intense, the induced scattering
is more efficient at higher altitudes above the neutron star
(for more detail see Petrova 2008b). Thus, the effective scat-
tering region lies far from the emission region, at distances
of the order of the cyclotron resonance and the light cylinder
radii, r ∼ rc, rL.
The location of the scattered component in the pulse
profile is predominantly determined by the effect of the mag-
netosphere rotation (Petrova 2008b). In the scattering re-
gion, the incident beam makes the angle ∼ r/2rL with the
local magnetic field direction ~b. Note that in the frame coro-
tating with the neutron star the beam is shifted in by r/rL
oppositely to the direction of rotation and again makes the
angle r/2rL with the magnetic field (see Fig. 4). As for the
scattered component, in the corotating frame it is directed
approximately along the magnetic field. Hence, in the pulse
profile it precedes the original radio beam by ∆λ = r/2rL
in phase. Thus, the induced scattering of the pulsar beam
into the background gives rise to the leading component of
the profile, which is usually called the precursor.
To analyze the radio profile structure of the Vela pul-
sar in more detail it is necessary to take into account the
finitude of the pulse width. In the scattering region, differ-
ent radio beams (which constitute the emission cone and
appear in the pulse profile at different pulse phases) make
somewhat different angles with the local magnetic field: the
angle of incidence θ ranges roughly from r/2rL − ϑ/4 to
r/2rL+ϑ/4. For a fixed frequency of the incident radiation,
ν, the scattering efficiency Γ depends on θ: Γ ∝ ν′−2 ∝ θ−4,
and therefore different parts of the main pulse suffer the
scattering of various strength. The angle θ entering Eq. (20)
corresponds to the corotating frame, and, as can be seen
from Fig. 4, smaller values of θ are characteristic of the rays
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forming the trailing part of the profile. Thus, it is the trailing
part that should be scattered more efficiently.
For the radio pulse passing through the scattering re-
gion the assumption of the stationary scattering seems reli-
able. At the same time, the incident intensity and the pa-
rameters of the scattering plasma are expected to fluctuate
from pulse to pulse. The resultant fluctuations of Γ affect
not only the observed radio profile shape but also the total
intensity of the profile. Recall that the induced scattering
leads to the intensity transfer between widely spaced fre-
quencies, ν′ = νθ2γ2‖/2 ≫ ν, and a substantial part of the
lower-frequency intensity I
(0)
ν may come to the higher fre-
quency (cf. Eq. (13)). With the decreasing spectrum of the
pulsar radio emission, this may imply a noticeable increase of
the total intensity of the higher-frequency profile due to the
strong precursor component resulting from the scattering.
Thus, the induced scattering increases the radio profile in-
tensity at a fixed frequency, the amplification being stronger
for higher Γ.
All this is in line with the observed properties of the
Vela’s radio pulses (Krishnamohan & Downs 1983). A more
pronounced precursor component is indeed characteristic of
stronger pulses. At the same time, the rest of the profile
weakens with the total intensity growth, being more effi-
ciently suppressed by the induced scattering to higher fre-
quencies. In stronger pulses, where the role of induced scat-
tering is more significant, the region of substantial suppres-
sion extends to earlier pulse phases, where Γ becomes large
enough.
It should be noted that for any angle of incidence of
the radio beam the orientation of the scattered component
is the same, θ′ ≈ 1/γ‖, and therefore the shape of the pre-
cursor component should be determined by the variation of
the magnetic field orientation and the scattering efficiency
across the scattering region. The magnetic field direction
changes monotonically, so that the leading edge of the pre-
cursor is formed by the radiation at the leading edge of the
main pulse and vice versa. For a fixed frequency of the scat-
tered radiation ν′ we have νθ2 =const, i.e. at different lon-
gitudes the precursor component is fed by the main pulse
radiation of different frequencies, and the efficiency of the
component growth Γ ∝ ν−α ∝ θ2α. As the angle of inci-
dence is larger for the leading rays (see Fig. 4), the peak of
the precursor is formed by the radiation at the extreme lead-
ing edge of the main pulse, where the original intensity is well
below the profile maximum but is large enough to provide
an efficient scattering. Hence, in stronger pulses, where the
scattering efficiency is higher, a significant contribution to
the scattered component comes from the main pulse rays at
the earlier pulse longitudes and, correspondingly, the precur-
sor arrives somewhat earlier. The observations do reveal the
unambiguous relation between the arrival time of the pulse
and its total intensity (Krishnamohan & Downs 1983). In
our model, both quantities are determined by the efficiency
of induced scattering, and the salient features of the radio
profile structure and its fluctuations are explained naturally.
The frequency evolution of the pulse profile is also wor-
thy to be addressed. According to Eq. (20), the scatter-
ing efficiency is much larger at lower frequencies. There-
fore the precursor component should be most pronounced
at lower frequencies, whereas the rest of the pulse should
dominate at higher frequencies. This is proved by the ob-
servational data. There is only a hint of a component on
the trailing edge of the pulse at 400 MHz (Hamilton et al.
1977), at 2.295 GHz it becomes more convincing (Downs
1979; Krishnamohan & Downs 1983), and at 4.8 GHz
the trailing component is stronger than the precursor
(Gardner & Whiteoak 1969).
The radio observations of Lommen et al. (2007), which
have revealed the correlation with the high-energy emission,
have been carried out at the frequency of 1 GHz. Unfortu-
nately, in the above mentioned paper the radio profile prop-
erties have not been presented in detail and the authors have
concentrated solely on the time of arrival of the radio pulses,
assuming implicitly that the basic features of the radio pro-
file structure and its variations with the radio pulse intensity
are the same as those described in Krishnamohan & Downs
(1983) for the data at 2.3 GHz.
4.2 High-energy emission as a result of radio
photon reprocessing
Let us turn to the consequences of both the spontaneous
scattering of the radio pulse and the particle synchrotron re-
emission in application to the Vela pulsar. As is pointed out
above, our consideration is restricted to the scattering of the
A-polarization, since only this mode is present in the Vela’s
radio emission. The characteristic frequency of the scattered
radiation is given by ω′maxη
′ = ωη + smaxΩ ≈ smaxΩ, where
η′ = 1/γ2‖ , smax = 3ymaxγ
3
0/2 is the harmonic number corre-
sponding to the spectral maximum of the scattered radiation
and ymax = 5/4. This is reduced to ω
′ = 1.5ymaxΩγ
2γ0 and
can be estimated as
h¯ω′ = 1.7× 102ymax B⋆
1012 G
γ
103
γ0
10
(
r
108 cm
)−3
eV. (21)
The characteristic frequency of the re-emitted radiation is
given by Eq. (21) with ymax = 0.3. Given that B⋆ =
3.4 × 1012 G we find h¯ωmax = 0.8 keV and 0.2 keV for
the scattered and re-emitted radiation, respectively. Thus,
the spectrum of the reprocessed radiation can extend up to
the soft X-ray range.
Proceeding from Eq. (11), which gives the scattered and
synchrotron powers of a single particle, one can estimate the
luminosities due to the scattering and re-emission, Lsc =
(PAA + PAB)NeSr and Lsyn = (P
A
syn + P
B
syn)NeSr. Using
Eqs. (16), (18) and (19), we find
Lsc = 2× 1026
(
B⋆
1012 G
0.1 s
P
)5 L
1029 erg s−1
(
ν
109 Hz
)−4−α
× κ
102
(
γ
103
)−4 (γ0
10
)6 ( r
108 cm
)−20
erg s−1, (22)
Lsyn = 10
29
(
B⋆
1012 G
)(
P
0.1 s
)−1 ( ϑ
0.1
)2
× κ
102
(
γ0
10
)2 ( r
108 cm
)
erg s−1. (23)
Recall that L is the total radio luminosity of the pulsar,
α is the spectral index of the radio emission (α = 1.3 for
ν < 109 Hz and α = 2.7 for ν > 109 Hz). Taking into
account the parameters of the Vela pulsar, L = 2 × 1029
erg s−1, P = 0.089 s, B⋆ = 3.4×1012 G and ϑ = 0.15, yields
Lsc ∼ 1029 erg s−1 and Lsyn ∼ 1031 erg s−1. The latter value
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is consistent with the observed luminosity of the Vela pulsar
in the range of 0.2–8 keV. (Pavlov et al. 2001).
Our technique developed in Sect. 2 implies that the
scattering is considered as a secondary process, and it is
applicable as long as the total power scattered is less than
the synchrotron power, i.e. Lsc/Lsyn ≪ 1. Comparison of
Eqs. (22) and (23) shows that this inequality is generally
valid, though both luminosities are strong functions of the
parameters. The role of the scattered emission is believed
to be most significant in the range of a few keV, where
the spectral power of the scattered radiation reaches max-
imum, while the synchrotron spectrum drops exponentially
(see Fig. 1).
It is important to note that the luminosity due to
the scattering depends on the Lorentz-factor of the parti-
cle gyration much stronger than the synchrotron luminosity:
Lsc ∝ γ60 , whereas Lsyn ∝ γ20 . The evolution of the particle
Lorentz-factor γ0 is determined by the radio intensity, which
comes to the resonance region and causes the particle mo-
mentum evolution. Then it is the scattered luminosity Lsc
that is strongly sensitive to the radio emission characteris-
tics and their fluctuations. Hence, the high-energy emission
is believed to exhibit most pronounced correlation with ra-
dio emission in the range beyond the synchrotron maximum,
where the contribution of the scattered power is substantial.
This is indeed observed in the Vela pulsar.
It should be noted that the particle distribution func-
tion in momenta is sufficiently broad, and it is believed to
evolve with distance significantly. Therefore the resultant
synchrotron spectrum do not resemble the single-particle
spectrum: due to the strong spatial dependence of ω′max the
spectral maximum is smeared, and the total spectrum of
the particles is modified substantially (for a more detailed
analysis see Petrova 2003). The same is expected for the
scattered spectrum as well. Therefore in the present paper
we do not analyze the spectral slopes.
Now let us consider the location of the scattered and
re-emitted radiation in the pulse profile. Both components
of the high-energy emission resulting from the radio pho-
ton reprocessing are believed to arise at an angle ∼ 1/γ‖
to the ambient magnetic field. Then the high-energy emis-
sion generated close enough to the radio emission region
should appear in the profile at the original radio pulse po-
sition. The high-energy emission originating at higher alti-
tudes should appear ∼ r/2rL ahead of the main pulse in ra-
dio (see Sect. 4.1). In particular, the radiation generated at
the altitudes of the order of the cyclotron resonance radius,
r ∼ rc, should coincide in phase with the radio precursor
position. The emission region of the high-energy component
which results from the scattering of the under-resonance ra-
dio photons is restricted to r ∼ rc, and, correspondingly,
this component is present only in the same phase range as
the radio precursor. This range is usually classified as the
position of peak 4 in the high-energy profile (Harding et al.
2002). As for the synchrotron emission, it can be efficient
over a wider range of altitudes, even beyond the resonance
region, and it is expected to contribute significantly to both
peak 4 and peak 3, which precedes the radio pulse by ∼ 30◦.
Note that the position of peak 3 implies the component ori-
gin close to the light cylinder. It is important to point out
that, in contrast to the rest of the high-energy profile, peaks
3 and 4 are present only in the optical and soft X-ray range,
up to a few keV, where they turn into the trough. All this
strongly supports an idea of their origin as a result of syn-
chrotron re-emission and spontaneous scattering by spiraling
particles.
Peak 1 of the high-energy profile is also of interest, since
its intensity is also affected by the radio pulse properties
(Lommen et al. 2007). It should be noted that in the optical
– soft X-ray range peak 1 noticeably shifts with frequency
toward the radio pulse location, whereas at higher energies
it keeps a fixed position (Harding et al. 2002). The nature
of peak 1 seems questionable. Its position in the pulse pro-
file,∼ 90◦ after the radio pulse, excludes the magnetospheric
origin of this component provided that the high-energy emis-
sion is directed approximately along the magnetic field. One
can speculate, however, that the radiation forming peak 1
presents the synchrotron emission of the particles beyond
the light cylinder. A more detailed analysis of the high-
energy profile of the Vela pulsar is beyond the framework
of the present paper.
4.3 Manifestations of the radio – high-energy
connection
The physical connection of the high-energy radiation con-
sidered in Sect. 4.2 to the radio pulse pulse properties dis-
cussed in Sect. 4.1 is expected to have observational mani-
festations. To analyse them let us first note that the spon-
taneous scattering into the high-energy range is most effi-
cient at low enough altitudes, r ≪ rc (cf. Eq. (22)), due to
larger number densities of the scattering particles,Ne ∝ r−3,
and larger incident intensities, Iν ∝ r−2, in this region.
The radio precursor component is formed at higher alti-
tudes, r ∼ rc, where the rate of spontaneous scattering is
already less. Besides that, the precursor arises at a small
angle θ′ ∼ 1/γ‖ to the ambient magnetic field, and, corre-
spondingly, the scattering cross-section for the incident A-
polarization is less (cf. Eq. (11)). In addition, the orientation
of the precursor with respect to the ambient magnetic field
rapidly changes to θ′ = r/2rL ≫ 1/γ‖, so that the origi-
nal under-resonance radiation, ω′/γ2‖ ≪ Ω, passes through
the resonance, ω′θ′
2
/2 = Ω, very soon. Therefore it is the
main pulse that chiefly contributes to the spontaneous scat-
tering to high energies. In contrast to the resonant absorp-
tion, this process does not affect the radio pulse intensity
considerably (Petrova 2008a). Note also that the resonant
absorption suppresses the main pulse and precursor alike,
so that the synchrotron re-emission is related to both radio
components equally.
Thus, the main pulse of the radio profile is subject to
both the spontaneous and induced scatterings. The first pro-
cess contributes to the soft X-ray component roughly co-
incident with the radio pulse window, whereas the second
process gives rise to the precursor component on the radio
profile. The efficiencies of the two processes are expected
to vary from pulse to pulse because of fluctuations of the
plasma parameters. This is believed to underlie the obser-
vational manifestation of the X-ray – radio connection in
the Vela pulsar. Weaker induced scattering implies less effi-
cient intensity transfer from the main pulse to the precursor.
Then the resultant intensity of the radio pulse is less (see
Sect. 4.1), the precursor is weaker and the main pulse is less
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suppressed. In this case, the main pulse can more efficiently
participate in the spontaneous scattering, and the resultant
high-energy component should be more pronounced. This is
in line with the observed trend: in the Vela pulsar weaker
radio pulses are accompanied by stronger high-energy emis-
sion at the position of peaks 3 and 4 (Lommen et al. 2007).
One can speculate that the fluctuations of the effective value
of γ0 make the dominant contribution to the variations of
the efficiencies of the spontaneous and induced scatterings.
At larger γ0 the induced scattering is weaker (see Eq. (20))
and the high-energy luminosities Lsc and Lsyn are larger (see
Eqs. (22)-(23)).
Less values of γ0 mean weaker momentum evolution of
the particles in the course of resonant absorption of radio
emission. Then a greater part of the particle gyration en-
ergy is expected to be re-emitted at higher altitudes, beyond
the light cylinder, contributing to peak 1 of the high-energy
profile. Hence, strong radio pulses with more pronounced
precursors, which correspond to large Γ, should be accom-
panied by stronger high-energy emission at the position of
peak 1 and weaker emission in the trough. This also agrees
with the observed trend.
5 SUMMARY AND DISCUSSION
We have considered the processes of spontaneous and in-
duced scattering off the particles performing relativistic he-
lical motion in an external magnetic field. The theory is ap-
plied to the radio wave scattering off the secondary plasma
particles in the pulsar magnetosphere. The particles are be-
lieved to have substantial gyration energies due to resonant
absorption of the radio emission in the outer magnetosphere.
In application to the Vela pulsar, the induced scattering
of radio waves between the states well below the resonance,
ωη = ω′η′ ≪ Ω, can be efficient. An extremely bright and
narrow radio beam is scattered chiefly into the background,
in the direction corresponding to the maximum scattering
probability. The scattered component is directed approxi-
mately along the ambient magnetic field, θ′max ∼ 1/γ‖, and
appears in the radio profile as a precursor to the main pulse.
This scenario for the first time allows to explain the main
features of the radio profile structure of the Vela pulsar and
its pulse-to-pulse fluctuations.
In the case considered, the induced scattering trans-
fers the main pulse intensity to the higher frequencies,
ω′ ∼ ωθ2γ2‖ ≫ ω. With the decreasing spectrum of the
pulsar radio emission, this implies intensity enhancement of
the radio profile at a fixed frequency. Thus, larger scatter-
ing efficiencies should result in both higher pulse intensities
and more pronounced precursors. Such a correlation is re-
ally observed in the Vela pulsar (Krishnamohan & Downs
1983). Moreover, stronger scattering means that a larger
part of the main pulse can be scattered efficiently, the region
of substantial suppression extending from the very trailing
edge of the profile toward earlier phases. As the scattering
of the leading edge of the main pulse makes the dominant
contribution to the precursor formation, higher scattering
efficiencies imply not only larger intensities but also earlier
phases of the precursor peak. The observations do reveal
early arrival of the precursor component in strong pulses
(Krishnamohan & Downs 1983).
The radio pulse is also subject to spontaneous scatter-
ing by the spiraling particles. The photons below the res-
onance, ωη ≪ Ω, are chiefly scattered to high harmonics
of the particle gyrofrequency, s ∼ γ30 . We have analyzed
the characteristics of the scattered radiation in detail and
compared them with those of the synchrotron radiation of
the same particle. In particular, it is found that the scat-
tered power peaks at somewhat higher energies than the
synchrotron one. In application to the Vela pulsar, the esti-
mates of the spectral maxima yield∼ 0.8 keV and∼ 0.2 keV,
respectively. The synchrotron luminosity is ∼ 1031 erg s−1
and well agrees with the observed values in the soft X-ray
band (e.g Pavlov et al. 2001). Although the total luminosity
provided by the scattering is less, in the range beyond the
synchrotron maximum the scattered power may still con-
tribute substantially. It is important to note an extremely
strong dependence of the scattered power on the Lorentz-
factor of the particle gyration, Lsc ∝ γ60 , which means a
strong relation of the scattered component to the radio in-
tensity.
Similarly to the synchrotron emission, the scattered ra-
diation concentrates close to the ambient magnetic field di-
rection, θ′ ∼ 1/γ‖. Given that the synchrotron and scattered
emissions originate well above the radio emission region and
inside the light cylinder, they should precede the main radio
pulse by . 30◦. This position can be identified with that
of peaks 3 and 4 of the soft X-ray profile, which turn into
the trough at somewhat higher energies (e.g. Harding et al.
2002). If the synchrotron re-emission continues beyond the
light cylinder, it may contribute to peak 1 of the profile.
The radio emission of the Vela pulsar is believed to par-
ticipate in both the spontaneous and induced scatterings,
and the interplay between these processes can account for
the observed X-ray – radio correlation. If the main pulse is
less suppressed by the induced scattering to the precursor,
it is more efficiently scattered to high energies. This is con-
sistent with the observations: weaker radio pulses with less
pronounced precursors are accompanied by the high-energy
pulses with stronger emission in the trough (Lommen et al.
2007). Given that the variations of the scattering efficiencies
are determined by the fluctuations of γ0, larger γ0 imply
less efficient induced scattering and simultaneously stronger
high-energy luminosities. For smaller γ0 the synchrotron re-
emission is expected to continue beyond the light cylinder,
contributing to peak 1 of the high-energy profile. At the
same time, smaller γ0 imply more efficient induced scatter-
ing, a more pronounced radio precursor and stronger resul-
tant radio pulses. All this is in line with the observed trends
(Krishnamohan & Downs 1983; Lommen et al. 2007). Thus,
our model explains the salient features of the radio profile
formation of the Vela pulsar, the peculiarities of its soft X-
ray profile as well as the observed X-ray – radio connection.
It should be noted that our model of the radio profile
formation in the Vela pulsar is too simplified, since it in-
cludes only two components, the main pulse and precursor.
Krishnamohan & Downs (1983) have established four com-
ponents of the Vela’s radio profile. Later on Johnston et al.
(2001) and Kramer et al. (2002) have discovered sporadic
activity at the leading edge of the pulse (the so-called giant
micro pulses) and in the bump region in the trailing part of
the profile. Further development of our model is needed in
order to include these phenomena. However, we believe that
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these peculiarities do not affect the X-ray – radio connection
noticeably.
We have considered the induced scattering in the ap-
proximation of a strong magnetic field. This process can
be efficient only if the incident and scattered waves have
the ordinary polarization (the A-polarization), i.e. if their
electric vectors are in the plane of the ambient magnetic
field. In the Vela pulsar, only one polarization mode is
present. Various emission theories used to identify it with
the ordinary mode. The point is that the extraordinary (B-)
mode has the vacuum dispersion, and its direct generation
by any plasma mechanism seems problematic. The recent
high-energy observations of the Vela’s pulsar wind nebula
have cast some doubt as to the type of the radio polar-
ization in this pulsar (Lai et al. 2001; Helfand et al. 2001;
Radhakrishnan & Deshpande 2001). They have revealed the
jet in the direction of the pulsar proper motion. If this jet
is directed along the pulsar rotational axis, then the radio
emission has extraordinary polarization. Note that jet align-
ment with the rotational axis is well ascertained for the ac-
cretion systems, but the radio pulsars do not seem to be
such systems, and the nature of the Vela’s jet is obscure.
Therefore we have still assumed the ordinary polarization of
the Vela’s radio emission.
The high-energy emission of the Vela pulsar is too com-
plicated, and the emission mechanisms involved cannot be
exhausted by those considered in the present paper. As is ar-
gued by Harding et al. (2002), the Vela’s high-energy emis-
sion consists of the soft and hard components. The radio
photon reprocessing contributes solely to the soft compo-
nent. The photons emitted inside the light cylinder appear
in the phase region preceding the radio pulse by . 30◦.
The synchrotron re-emission beyond the light cylinder may
at least partially contribute to peak 1, whereas peak 2 is
thought to result from some other mechanism.
Within the framework of our model, the peculiar X-
ray – radio correlation observed in the Vela pulsar is only
characteristic of a narrow spectral range in the soft X-ray
band, namely just beyond the spectral maximum of the high-
energy component roughly coincident with the radio pulse
window. It is the range where the contribution of the scat-
tering off the spiraling particles may be substantial, and
the scattered component is tightly connected to the radio
pulse intensity. At the same time, another process of the ra-
dio photon reprocessing to high energies – the synchrotron
re-emission of the spiraling particles – is believed to be sig-
nificant over a wider spectral range. Further observational
studies of the X-ray – radio correlation at softer energies
would be of interest. A more detailed comparison of the
high-energy data with the radio profile properties would be
particularly useful.
The radio photon reprocessing is believed to take place
in other pulsars as well. The resultant radio – high-energy
connection is yet to be discovered. It should be kept in mind
that the observational manifestations of this connection may
be quite different because of the difference of the physical
conditions and parameters. In the radio range, pulsars are
known to exhibit various fluctuation phenomena, and the
simultaneous observations in the radio and soft high-energy
ranges are expected to reveal diversiform connections.
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APPENDIX A: INTEGRATION OF THE
COMPONENTS OF THE SCATTERED POWER
PAA AND PAB OVER THE ANGLE
We are going to calculate the integrals
S1 ≡
∞∫
−∞
ψ4(1 + ψ2)K21/3
[
y
2
(1 + ψ2)3/2
]
dψ (A1)
and
S2 ≡
∞∫
−∞
ψ2(1 + ψ2)2K22/3
[
y
2
(1 + ψ2)3/2
]
dψ. (A2)
Following the technique developed in Westfold (1959), we
proceed from the integral representation of K1/3(ζ),
K1/3(ζ) =
3
2
√
µq
∞∫
−∞
ei(t
3+µqt)dt, (A3)
where ζ = 2(µq/3)3/2, µ = 3y2/3/24/3 and q = 1+ψ2. Then
one can write
qK21/3(ζ) =
9
4µ
∞∫
−∞
∞∫
−∞
ei(qµu+u
3)e−i(qµv+v
3)dudv. (A4)
In terms of the new variables,
x = 2−2/3(u− v) and ξ = 2−2/3(u+ v), (A5)
Eq. (A4) can be integrated over ξ taking into account that
∞∫
−∞
ξ2neiαξ
2
dξ =
(2n− 1)!!
2n
√
πeiπ/4einπ/2α−n−1/2. (A6)
Then
S1 =
9
√
πeiπ/4
25/3µ
√
3
∞∫
−∞
∞∫
−∞
ψ4ei2
2/3(ψ2+1)µx+ix3dψx−1/2dx.
Integration over ψ with the help of Eq. (A6) yields
S1 =
−27πi
216/3
√
3µ7/2
∞∫
−∞
x−3ei2
2/3µx+ix3dx. (A7)
This can be integrated by parts,
∞∫
−∞
x−3ei2
2/3µx+ix3dx =
∞∫
−∞
i22/3µ+ 3ix2
2x2
ei2
2/3µx+ix3dx.(A8)
Then the second term on the right-hand side is directly re-
lated to K1/3(ζ) (see Eq. (A3)), and the first one can be
integrated by parts once more,
∞∫
−∞
x−2ei2
2/3µx+ix3dx =
∞∫
−∞
iµ22/3 + 3ix2
x
ei2
2/3µx+ix3dx.(A9)
The second term in Eq. (A9) is related to
∂/∂µ{√µK1/3[4(µ/3)3/2]} (cf. Eq. (A3)), whereas
the first one can be obtained by integrating∫∞
µ
√
µK1/3[4(µ/3)
3/2]dµ. Then, making use of the
recurrence relation
−K′ν(ξ) = Kν−1(ξ) + νξ Kν(ξ) (A10)
and keeping in mind that Kν(ξ) = K−ν(ξ), one can obtain
S1 =
3π
4
√
3y

 2
3y
K1/3(y)−K2/3(y) +
∞∫
y
K1/3(x)dx

 .(A11)
With the recurrence relations
− 2K′ν(ξ) = Kν−1(ξ) +Kν+1(ξ), (A12)
− 2ν
ξ
Kν(ξ) = Kν−1(ξ)−Kν+1(ξ), (A13)
this is reduced to
S1 =
3π
4
√
3y

K4/3(y)−
∞∫
y
K5/3(x)dx

 . (A14)
The integral S2 can be treated analogously. From
Eqs. (A10) and (A3) one can find that
qµ3/2√
3
K2/3(ζ) = − 3
2
√
µ
∂
∂q
∞∫
−∞
eiqµt+it
3
dt. (A15)
Then
q2K22/3(ζ) =
27
4µ2
∞∫
−∞
∞∫
−∞
eiqµu+iu
3
e−iqµv−iv
3
uvdudv. (A16)
With the variables given by Eq. (A15), this is reduced to
q2K22/3(ζ) =
27π
27/3µ2
∞∫
−∞
ei2
2/3qµx+ix3dx
∞∫
−∞
(ξ2 − x2)ei3xξ2dξ
and can be integrated over ξ with the help of Eq. (A6). Then
S2 can be written as
S2 =
−27π
213/3
√
3µ7/2
∞∫
−∞
(
i
6x3
− 1
)
ei2
2/3µx+ix3dx, (A17)
where the integration over ψ is also performed using
Eq. (A6). One can see that the first term of S2 is propor-
tional to that given by Eq. (A8), whereas the second one can
be expressed in terms of the function K1/3(ζ) (cf. Eq. (A3)).
Thus, one can find finally
S2 =
π
4
√
3y

 8
3y
K1/3(y) +K4/3(y)−
∞∫
y
K5/3(x)dx

 .(A18)
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Figure 1. Spectral distribution of the power produced by a spiraling particle: a – scattering of the incident A-polarization, b – scattering of
the incident B-polarization, c – synchrotron emission; the dotted and dashed lines correspond to the A- and B-polarizations, respectively,
and the solid lines show their sum.
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Figure 2. Angular distribution of the power produced by a spiraling particle. For details see the caption of Fig. 1.
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Figure 3. Spectral intensities of the radio beam and background as functions of the efficiency of induced scattering; I
(0)
ν′
/I
(0)
ν = 4×10
−12.
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Figure 4. Geometry of induced scattering at the altitude r in the rotating magnetosphere. The rotation is counterclockwise, the
superscript ’c’ marks the wavevectors in the frame corotating with the neutron star, the dashed arrows show the orientations of the
wavevectors at the leading (L) and trailing (T) edges of the pulse with respect to the magnetic field direction at the point of scattering;
χ ≡ r/2rL.
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